The production of chemicals from lignocellulosic biomass provides opportunities to synthesize chemicals with new functionalities and grow a more sustainable chemical industry. However, new challenges emerge as research transitions from petrochemistry to biorenewable chemistry. Compared to petrochemisty, the selective conversion of biomass-derived carbohydrates requires most catalytic reactions to take place at low temperatures (< 300 °C) and in the condensed phase to prevent reactants and products from degrading. The stability of heterogeneous catalysts in liquid water above the normal boiling point represents one of the major challenges to overcome. Herein, we review some of the latest advances in the field with an emphasis on the role of carbon materials and carbon nanohybrids in addressing this challenge. 
Introduction
The production of chemicals from renewables receives growing attention due to declining fossil resources and the aspiration for a more sustainable chemical industry. It is now widely acknowledged that lignocellulosic biomass will play a central role when transitioning from petroleum to renewables as a feedstock. Carbohydrates represent the largest fraction in biomass and most current research efforts focus on their selective conversion to desired platform chemicals [1] . It has already been established that heterogeneous catalysis represents a key technology to convert carbohydrates into biorenewable chemicals with a high selectivity. However, several new challenges emerge as research progresses [2] . While many petrochemical reactions are carried out at high temperature and in the gas phase, carbohydrates obtained from lignocellulosic biomass easily degrade under these conditions to form anhydrosugars, carboxylic acids, and furanics [3] . In this regard, a progressive transition from petrochemistry to biorenewable chemistry entails a paradigm shift. Now, most reactions take place in the condensed phase. Green solvents such as water and alcohols lead to more sustainable processes, but create new constrains in terms of catalyst stability. The latter became apparent when investigating the transesterification of triglycerides to produce first generation biodiesel. This reaction is catalyzed both by solid acids and bases. A variety of metal oxide catalysts have been investigated including sulfated zirconia, alkali ion-exchanged zeolites, alkaline earth metal oxides, clays such as hydrotalcite, and perovskite-type mixed oxides (CaTiO3, CaMnO3, CaZrO3) [4] [5] [6] [7] . Most oxides were found to deactivate within 10 h at 60 °C due to the strong adsorption of the fatty acid and the partial dissolution of the catalyst under reaction conditions. Deactivation due to leaching of the active species in the solution was particularly severe for solid Lewis bases as polar compounds such as methanol and glycerol easily extract alkaline earth ions from the oxide structure [4, 5] . For example, ETS-10 lost 45% of its original alkali content (Na, K) within 10 h [4] .
Oxides suffer from similar deactivation in water, which is the green solvent of choice for the conversion of lignocellulosic biomass to fuels and chemicals. Water is abundant, cheap, and it dissolves polar oxygenates found in this feedstock [8] . Water was demonstrated to be a good medium for the depolymerization of cellulose, the dehydration of fructose to 5-hydroxymethylfurfural (5-HMF), and for aqueous phase reforming [9] [10] [11] [12] [13] . Therefore, it seems natural to study the stability of desired catalysts under conditions relevant to the target reactions, i.e. 100 °C < T < 250 °C and P*H2O(T) < P < 100 bar. Surprisingly, in-depth investigations on changes in surface chemistry, structure (phase transition), and chemical composition are fairly recent [8, [14] [15] [16] [17] [18] .
The hydrothermal stability of γ-Al2O3, a support used for the aqueous phase reforming of biomass-derived oxygenates and the hydrolysis of cellulose, was studied with X-ray diffraction (XRD) and magic angle spinning nuclear magnetic resonance spectroscopy (MAS-NMR) [14] . These techniques revealed the complete transformation of γ-Al2O3 within 10 h in water at 200 °C into hydrated boehmite (AlOOH), the thermodynamically favored structure under these conditions ( Fig. 1) [14, 19] . The phase transition was accompanied by changes in specific surface area and surface acid-base properties. The authors also demonstrated that up to 40 ppm Al 3+ leached into the reaction mixture depending on the platinum precursor used to synthesize Pt/Al2O3 [20] . The leached species were catalytically active and a cellulose conversion of 42% with a glucose yield of 12% was achieved with only 30 ppm Al 3+ in the solution [20] . 2 /g [16] . The addition of Aluminum to MCM-41 and SBA-15 improved stability in boiling water, but had little effect under harsher conditions [21] . The concentration of H + and OH -ions increases with temperature, which facilitates the acid-and base-catalyzed hydrolysis of Si-O-Si and Si-O-Al bonds [8, 21] . Stability is also a challenge with zeolites, despite their crystalline structure. The stability of zeolites in liquid water at 150 °C and 200 °C was found to depend both on the zeolite framework type and Si/Al ratio [8] . BEA, MOR and Y zeolites were tested for the acid-catalyzed dehydration of fructose to 5-hydroxymethylfurfural (5-HMF) [17, 18] . In this work, 245 mg/L of dissolved Si and Al species were found after 5 h of aqueous phase reaction at 130 °C, which represents 1-2 wt% of the zeolite catalyst [18] . The dissolved species were shown to be catalytically active (Fig. 2) . Currently, ZSM-5 seems to be the only zeolite stable under hydrothermal conditions [8, 22] . Figure 2 . Dehydration of fructose to HMF and its rehydration to formic and levulinic acids in aqueous systems catalyzed by zeolites and dissolved zeolite fragments. Reproduced with permission from [18] .
Other common metal oxide catalysts and catalyst supports include hydrotalcite, niobia, titania, and zirconia. Hydrotalcite degrades in the presence of organic acids even under mild conditions (90 °C), losing 70% of its Mg content within 20 h on stream [23] . Niobia supported catalysts tested for the conversion of γ-valerolactone to pentanoic acid in water experienced loss of surface area and metal sintering [24] . In contrast, titania and zirconia were stable under a broad range of reaction conditions [25, 26] .
These investigations made it clear that catalysts and catalysts supports initially developed for petrochemical reactions are unlikely to offer satisfactory long-term performance for the conversion of biomass in the condensed phase. As a result, designing heterogeneous catalysts structurally and chemically stable in green solvents such as water and alcohols is a pre-requisite for the production of biorenewable chemicals. Over the past 5 years, significant work was carried out to synthesize active, selective, and stable heterogeneous catalysts. Up to now, interesting advancements in the field come from new classes of heterogeneous catalysts based on carbon as either an organic-inorganic hybrid or carbocatalyst [27] .
Organic-inorganic hybrids
Different paths have been explored to improve the stability of oxides in hot liquid water. Mixed oxides gave promising results. The stability of silica can be improved by alumina or zirconia doping [28] . In the case of niobia, the addition of 5 wt% silica stabilized the structure and prevented Pd nanoparticles from sintering [24] . More interestingly, the carbonaceous deposits formed under reaction conditions appeared to protect Pt/γ-Al2O3 and ZSM-5, the latter being stable even at a very high temperature (400 °C) [22] . It appears that carbon is a promising candidate to passivate the surface and improve the stability of a large variety of oxides [22, 29] .
Organosilane-grafted oxides
Mesoporous silica, in particular SBA-15 functionalized with alkyl-and aryl-sulfonic acid groups, received increasing interest over the past decade. This organic-inorganic hybrid catalyst combines the high surface area and well-defined pore size of the SBA-15 with the opportunity to control the density and strength of the desired acid sites. The organic acids that are grafted using the surface hydroxyl groups (Si-OH) as anchor points show stability in water at 100 °C for 24 h [30] . The high acidity and improved hydrothermal stability offers new options to heterogeneize reactions catalyzed by inorganic acids (e.g. H2SO4) and resins such as Amberlyst-15, which show instability at temperatures above 100 °C. Alkyl sulfonic SBA-15 was tested for a variety of acid-catalyzed biomass conversion reactions, in particular for the production of biodiesel, the esterification of organic acids found in bio-oil, or the dehydration of fructose to 5-HMF [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Recycling tests and elemental analysis of the reaction medium confirmed that the catalysts are stable up to 130-140 °C [38, 41] . Interestingly, it was possible to tune the hydrophilic-hydrophobic character of the catalyst by grafting alkyl chains together with the desired sulfonic acid groups. The alkyl chains improved the water tolerance of the catalyst and shifted the esterification reaction equilibrium by repelling the produced water out of the SBA-15 channels [36, 40] .
Similarly, the stability of USY zeolite in water can be improved by grafting a high concentration of short alkyl chains [42] . As a result, alkyl groups cover all pockets and defects minimizing direct zeolite contact with the condensed phase [42] . Zapata et al. demonstrated that hydrophobized HY zeolites can retain their crystallinity, surface area, microporosity, and acid site density in 200 °C liquid water while untreated HY zeolite collapses under the same conditions [42] . HY zeolites hydrophobized with longer alkyl chains stabilize water/oil emulsions and catalyze reactions of importance in biofuel upgrading [43] .
Carbon-coated mesoporous oxides
Silica has been used for over a decade as a template to synthesize novel carbon materials with controlled porosity [44] [45] [46] [47] . The template is typically sacrificed to yield the exact inverse replica [44] . CMK-3, the carbon replica of SBA-15, has been used as a support for a variety of biomass conversion reactions [48, 49] . In these studies, the authors built on carbons' high hydrothermal stability to design water-tolerant catalysts. More recently, Pham et al. adopted a similar strategy to prevent the degradation of oxides in hot pressurized water by depositing a thin layer of carbon derived from sucrose onto the oxide surface (Fig. 3) [16] . This process has been successfully applied to commercial silica gel, fumed alumina, and mesoporous silica (SBA-15) for which the carbon layer was confirmed to coat the cylindrical pore wall. Solid-state NMR spectra revealed that the sucrose-derived carbon coating is composed of 75% aromatic carbon along with 25% alkyl chains and oxygen-containing functional groups. The hydrothermal stability of uncoated and 10 wt% carbon coated samples was investigated in liquid water at 200 °C for 12 h (Fig. 4) . Carbon coated SBA-15 lost 55% of its specific surface area, which is a significant improvement compared to the 96% loss of the unmodified oxide. Uncoated silica gel and fumed alumina lost approximately 70-75% of their surface area. In contrast, the coated oxides lost neither surface area nor structural integrity. Notably, γ-Al2O3 retained its structure, which is in good agreement with Ravenelle et al. who observed that carbonaceous deposits (coke) that are formed under reaction conditions inhibit the transformation of γ-Al2O3 to hydrated boehmite [29] .
Carbon-metal oxide nanohybrids
Various nanocarbon (nanotube, graphene)-transition metal oxide nanohybrids have been synthesized as heterogeneous catalysts for the selective oxidation of propane, the electrocatalytic conversion of CO2 to alcohols, and for the oxygen evolution reaction [50] [51] [52] [53] [54] [55] . In all of these investigations, nanohybrids exhibited a higher performance and stability compared to the bulk oxide. Although the structured carbon supported catalysts typically observe a higher activity and stability than the corresponding bulk material, the interaction between the carbon support and the metal plays a crucial role in determining the performance of the catalysts. When coupling metals to a structured carbon support by atomic layer deposition, the limited interactions associated with pristine basal plane inhibit functionalization [56] . As a result, oxidized carbon surfaces or π-π interactions to the carbon support with functionality become a necessity to highly functionalize a pristine carbon surface [57] . It should be mentioned that a variety of interactions could take place with the carbon support, which can decrease or increase the catalysts stability and activity. Recent reports demonstrate carbons influence on a variety of carbonmetal oxide nanohybrids for biomass conversion reactions.
Liu et al. investigated oxide stabilization for a ZrO2 catalyst supported on multiwalled carbon nanotubes [58, 59] . These nanohybrid catalysts were more stable in liquid water at 200 °C for 6 h than unsupported ZrO2. XRD and TEM images demonstrated that the particle size did not change from the initial 2.6 nm [58] . Near edge X-ray absorption fine structure spectroscopy (NEXAFS) revealed that the hydrothermal stability arises from strong interfacial interactions between ZrO2 and the MWCNT Figure 4 . STEM images of calcined SBA-15 (a,b) and 10 wt% carbon-SBA-15 (c,d) with well-ordered hexagonal pores (insets). The calcined SBA-15 lost 96% of its surface area after treatment in liquid water at 473 K for 12 h. In contrast, the carbon-coated SBA-15 was found to be more stable and it only lost 55% of its surface area. Reproduced with permission from [16] .
support [59] . The thermal stability changed inversely with particle size, thus indicating that oxygen-containing functional groups are used as anchoring points.
The Bitter group investigated the activity of hydrotalcite and nano-sized alkaline earth metal oxides supported on carbon nanofibers (CNFs) for the basecatalyzed transesterification and aldol condensation reactions [60, 61] . The CNF-supported alkaline earth oxides were an order of magnitude more active than the corresponding bulk oxides. The difference in performance was explained by the high dispersion and large surface area of the oxide nanoparticles. For hydrotalcite, the supported nanoparticles were found to be more basic and the catalytic activity was 300 times higher than the bulk oxide [60] . CNF-supported catalysts were easier to regenerate and more stable than their unsupported oxide counterpart [61] .
Resasco's group developed a new class of amphiphilic organic-inorganic catalysts [62] [63] [64] [65] [66] [67] . These hybrids consist of oxide nanoparticles fused to carbon nanotubes. The obtained amphiphile stabilize water/oil emulsions and allow reactions to take place at their interface (Fig. 5) . The selective conversion of compounds present in one of the phases becomes possible by carefully controlling the deposition of metal nanoparticles on the oxide or the nanotube. MgO-Pd/CNT hybrids were used for the base-catalyzed aldol condensation of furfural with acetone followed by the hydrogenation of the products to C8-C10 fuel-range molecules [67] . The nanohybrids also showed a good activity for various hydrogenation, oxidation, and bio-oil upgrading reactions [63, 65, 67] .
Xiong et al. studied the stability of niobia-carbon hybrids [68] [69] [70] . Pure niobia crystallizes and deactivates quickly in liquid water at temperatures higher than 200 °C, which is consistent with the results obtained for other oxides [24] . To prevent the deactivation, Xiong et al. synthesized Nb2O5/C hybrids by impregnation, homogeneous deposition-precipitation (DP), and simultaneous deposition-precipitation-carbonization (DPC). Large niobia particles crystallized at 200 °C for the samples prepared by impregnation, due to the poor interaction with the carbon support. In contrast, the catalysts synthesized by DP were active and stable for over 40 h during the aqueous phase dehydration of 2-butanol to 1-butene at 240 °C and 52 bar [68] . Figure 5 . One-pot base-catalyzed aldol condensation of furfural with acetone followed by the hydrogenation of the products to C8-C10 fuel-range molecules. The amphiphilic organic-inorganic catalyst stabilizes the water/oil emulsion. Reproduced with permission from [67] with kind permission from Springer Science and Business Media.
Functional carbons from carbohydrates
Carbon plays a central role in stabilizing the structure and surface chemistry of oxides under hydrothermal conditions. Significant progress resulted from the design of organic-inorganic hybrids. However, in many cases it might be advantageous to design carbon-based catalysts. Over the past decade, several groups explored the potential to synthesize carbons directly from biomass-derived precursors by thermal and hydrothermal carbonization.
Thermal carbonization
Carbons produced from the thermal carbonization of aromatic compounds or carbohydrates such as cellulose and glucose are used for a variety of biomass conversion reactions. [71, 72] . A general synthetic approach for the so-called "sugar catalyst" typically consists in the partial carbonization of the carbohydrate substrates through pyrolysis at 200-300 ºC followed by refluxing with sulfuric acid to generate sulfonic functional groups [72] [73] [74] . The thermally carbonized material typically displays a surface area of less than 5 m 2 /g that is independent from the pyrolysis temperature and sulfonation conditions [74] . The produced carbons were reported to have a sheet-like structure containing 1.2-1.3 nm aromatic domains, structurally similar to graphene [74] .
The sulfonated carbons were tested for various acidcatalyzed biomass conversion reactions including the hydrolysis of cellobiose, starch, and cellulose [75] [76] [77] [78] [79] [80] . These carbons were also used for the esterification of long chain fatty acids and transesterification of triglycerides to produce biodiesel [74, [81] [82] [83] . Despite the low surface area, the Cellulose-Derived Carbon Solid Acids (CCSA) exhibit a higher -SO3H loading, activity, and product yield when compared to commercially available solid acid catalysts, such as Amberlyst-15, Nafion, H-mordenite, or niobic acid. Long term tests confirmed CCSA remains stable for 200 h on stream (Fig. 6) [74] . In addition to CCSA, sulfonated carbons with wellcontrolled porosity were synthesized using mesoporous templates such as SBA-15 or MCM-48. Sulfonated CMK-3 was used for the hydrolysis of cellulose and achieved a high cellulose conversion of 94.4% and glucose yield of 74.5% [49] . More recently, Chung et al. used MCM-48 nanoparticles prepared with a modified Stöber method as a template to synthesize sulfonated mesoporous carbon nanoparticles (HSO3-MCN) [84, 85] .
Although high activities were reported for sulfonated carbons under mild conditions, Anderson et al. demonstrated using model compounds that the hydrothermal stability of sulfonic acid groups is a function of the local chemical environment [86] . The stability was reported to follow the order of substituted aromatics < nonsubstituted aromatics < alkanes. For example, benzene sulfonic acid degraded in water at 160 (Fig. 7) [85] . To synthesize this weak acid catalyst, HSO3-MCN was treated in water at 200 °C in order for a fraction of the sulfonic acid sites to leach. Catalytic tests showed the lack of direct proportional correlation between the hydrolysis rate and the acid site concentration. This finding suggested that the reaction mainly takes place on sites with a high local concentration of acidic groups. 
Starch carbonization (Starbon ® )
A synthetic approach that enables the production of mesoporous carbon materials with tunable surface chemistry from starch has been developed [87] . The reported template-free synthesis involves three steps (Fig.  8) and is another example of a biomass-derived carbon that can be used for biomass conversion:
1. Expansion: gelatization of starch in water to open and disorder the polymer network, followed by exchanging water with a low surface tension solvent (ethanol, acetone) to prevent the network structure from collapsing during the drying step 2. Drying: evaporation of the solvent to yield the mesoporous structured starch material 3. Pyrolysis: the starch material is doped with a catalytic amount of organic acid to promote carbonization and then heated under vacuum at 150 °C to 800 °C Figure 8 . Steps involved in the synthesis of mesoporous carbons from starch. Reproduced with permission from [87] .
In this process, the carbons are free of any inorganic template, the porosity can be controlled through the gelation and carbonization steps, and the surface chemistry can be tuned depending on the pyrolysis temperature (Fig.  9 ) [87] [88] [89] . The final product has a variable structure, stability, and chemistry that ranges from starch-like amorphous carbon to commercially available activated carbons [87] . The three-step carbonization process yields materials with high surface areas ranging from 150 m 2 /g to approximately 600 m Depending on the synthesis procedure, these biomass-derived carbons have a wide range of applications that include the separation of polar analytes [91] , CO2 capture [92] , and heterogeneous catalysis [93] [94] [95] [96] [97] [98] [99] [100] . Sulfonated starbons have catalyzed the esterification of succinic, fumaric, itaconic and levulinic acids to their respective diesters in the presence of water [93, 94, 96] . They were shown to have a >99% selectivity towards the desired diester products at a >99% conversion within reasonable reaction time (8 h for succinic acid, 16 h for fumaric acid, and 6 h for levulinic acid), which outperformed zeolites and sulfated zirconia [94] . The activity and stability of sulfonated starbons varied with the temperature applied during the pyrolysis step; an optimum was found that possessed a balance between structural and chemical stability [93, 94] . Reusability and hot filtration tests showed the starch-derived catalysts do not leach sulfur under reaction conditions [94] . In addition to being used as a catalyst, starbon has also been used as a support for the noble metal catalyzed hydrogeneation of succinic acid (Fig. 10) [98] . The carbons in this study were pyrolyzed at 300 o C (Starbon-300) to exploit the hydrothermal stability and versatile surface chemistry [98] [99] [100] . Catalysts with 5 wt% of Pd, Pt, Ru, and Rh were prepared by impregnation, reduced in H2, and tested for the hydrogenation of succinic acid in aqueous ethanol at 10 bar H2 and 100 ºC. Ru-Starbon-300 presented the highest conversion (90%) and selectivity (60%) towards tetrahydrofuran, which can be used as either a precursor or a solvent for a large range of reactions. In contrast, Pt-Starbon-300 formed 1,4-butanediol with 78% conversion and 85% selectivity. A more in-depth investigation was carried out to compare Starbon with commercially available activated carbons and carbon blacks (Norit, Vulcan, Darco) [100] . Overall, it was observed that the functionalized starch-derived carbon displayed a higher turnover frequency and stability compared to other commercially available carbons [100] . 
Hydrothermal carbonization (HTC)
Monodispersed carbon spheres were synthesized from sugars using pressurized water at 190 °C [101] . Hydrothermal carbonization offers several advantages over carbons produced by pyrolysis [102- The materials synthesized by this approach were primarily used for the absorption of heavy metals [105] , CO2 capture [108] , and energy production and storage [109, 111, 112, 114] . However, interesting results were also obtained for applications in catalysis. Pd/HTC selectively hydrogenated various hydroxy aromatic derivatives (phenolics) to the corresponding saturated ketone. For example, phenol was converted to cyclohexanone. In contrast, commercial Pd/activated carbon yielded cyclohexanol [104] . The imidazolefunctionalized HTC carbons also performed well for the Diels-Alder reaction, aldol condensation, and transesterification as model reactions relevant to the conversion of biomass [107] . Other recent progress on HTC carbons synthesis and future perspectives have been addressed in [118] [119] [120] . One promising development is the synthesis of HTC-CNT composites, which combine the mechanical properties and high surface area of the nanotubes' aromatic backbone with HTC's high density of functional groups. Ming et al. described this synthesis as "knitting an oxygenated network coat on the CNTs" [121] . Ru nanoparticles supported on HTC-CNT were highly dispersed (0.9 nm instead of 1.8 nm on pristine CNTs) and were found to be more selective for the hydrogenation of citral.
Recently, Qi et al. employed a similar strategy to synthesize amorphous carbons by hydrothermal carbonization of cellulose at 250 °C for 4 h [122] . The obtained carbons were further treated with H2SO4 at 200 °C to yield the desired carbonaceous sulfonated solid (CSS). CSS with a -SO3H concentration of 0.953 mmol/g was tested for the dehydration of fructose to 5-HMF in ionic liquids. An 83% yield was obtained at 80 °C within 10 min. In addition, the catalyst was stable for five successive cycles.
Nanocarbon catalysts and catalyst supports
The carbonization of biomass-derived carbohydrates offers interesting perspectives to design catalysts under mild and environmentally benign conditions. The hydrophilic-hydrophobic character, acid-base properties, porosity, and surface area can be tailored by adjusting the carbonization conditions. These materials are, however, heterogeneous at the nanoscale. FTIR, TGA, XPS, and NMR suggest the co-existence of a broad variety of oxygen-containing functional groups with different acidbase properties. In contrast, polymeric catalysts such as Nafion and Amberlyst-15 are structurally and chemically homogeneous, which is desired for the selective conversion of biomass. However, the resin backbone is fragile and can degrade at reaction temperatures above 80 °C. Zhang et al. synthesized a resin catalyst based on ligosulfonate co-condensed with phenol and formaldehyde [123] . Lignosulfonate is a cheap waste stream from sulfite pulping during paper manufacturing [123, 124] . The sulfonic acid catalysts were used in the hydrolysis of polysaccharides and other organic reactions. The resinlignosulfonate catalyst was shown to be stable for four 6 h cycles at 150 °C in water. However, hot filtration and additional recycling tests indicated a partial dissolution of the catalyst and leaching of the active sites into the reaction medium [123] .
Nanotubes and graphene offer novel opportunities for catalysis. Specifically, structured carbons are well-defined, chemically stable in most aggressive media, and can be functionalized with organic and inorganic moieties [125, 126] .
Acid-base catalyzed reactions
A variety of options are available to functionalize carbon surfaces. For example, sulfonated graphene was produced using the organic synthesis method depicted in Fig. 12 [127] . The obtained graphene-SO3H catalyzed the hydrolysis of ethyl acetate at 70 °C. Recycling tests and elemental analysis confirmed that the catalyst was stable in water for at least 5 cycles. Figure 12 . Graphene sheet functionalization with aryl sulfonic acid groups [127] . Reproduced from Chemical Science, 2011, 484 with permission of the Royal Society of Chemistry.
Carbon nanotubes and nanofibers functionalized with poly(p-styrenesulfonic acid) and benzenesulfonic acid groups were tested for the conversion of fructose to 5-HMF [128] . A linear correlation between acid site density and fructose conversion was observed. However, the catalytic activity dropped from 84% yield to 69% after 5 successive reactions at 120 °C. This deactivation is consistent with the hydrothermal degradation of aryl sulfonic acids observed by Anderson et al. and could be addressed by grafting alkyl sulfonic acid groups instead [86] .
Organic chemistry techniques were also used to synthesize basic catalysts. For example, amino grafted nanotubes were produced by deprotonating CNTs with n-BuLi followed by an electrophilic substitution of bromo amino derivatives (triethylamine, ethylamine, pyrolidine) [129] [130] [131] . Active sites grafted by C-C coupling were significantly more active and stable for the transesterification of tributyrin than amino groups tethered by oxidation-amidation (Fig. 13) . For the latter, the authors proposed that the coexistence of basic amino groups and acidic oxygen-containing functionality impairs the performance of the catalysts. In addition, the amide bonds were easily hydrolyzed under reaction conditions, as confirmed by 1 H NMR and elemental analysis of the reaction medium. Yuan et al. synthesized amino-grafted graphene using the same technique [132] . NEt3-graphene was almost twice more active than 1 M NaOH when tested for the hydrolysis of ethyl acetate at 65 °C.
Acid-base functionalized nanocarbons received little attention for the conversion of lignocellulosic biomass compared to sulfonated CMK-3, Starbon, and HTC carbons. Typically, nanotubes, nanofibers, and graphene were used as catalyst supports for hydrogenation, hydrodeoxygenation, and selective oxidation reactions [133, 134] .
Grafting by oxidation-amidation:
Grafting by electrophilic attack: Figure 13 . Basic solid catalysts synthesized by oxidationamidation and by electrophilic attack. Adapted from [129] .
Hydrogenation and hydrogenolysis
Carbon is the preferred support for a broad range of hydrogenation reactions due to stability and relative inertness under reaction conditions. Carbon-supported catalysts were employed for the hydrogenation of carbohydrates (glucose, fructose), furanics (5-HMF), and organic acids (succinic acid, levulinic acid, and lactic acid) [10] . Very high yields of 90-100% are often observed using a noble metal active phase. For example, the hydrogenation of lactic acid to propylene glycol in aqueous solution can be carried out using Pd, Ru, Ni, and Cu as catalysts [135] . Ru supported on activated carbon (Ru/AC) showed a high selectivity of 90% to propylene glycol at a 95% conversion of lactic acid [135] . The effect of catalyst support on Ru activity was investigated using CNTs, CNFs, graphite, Vulcan XC-72, and Ketjen black [136] . The catalytic activity varied greatly with the catalyst support and the highest yield of propylene glycol was obtained with Ru on Ketjen black catalyst, primarily because of the higher dispersion obtained on this support.
Hydrogenolysis of glycerol to ethylene glycol and propylene glycol can be achieved using Ru/C and Pt/C catalysts [137, 138] . Recently, RuCu and RuCu nanoparticles supported on CNTs showed 100% conversion and up to 75% selectivity towards glycols [139, 140] .
Xylitol can also be converted into ethylene glycol and propylene glycol using Ni/C catalyst in the presence of solid bases such as CeO2 and Ca(OH)2 [141] . Ni/C was reported to have a higher activity for this reaction as compared to Ru/C. In addition, it was possible to decrease the amount of base needed by supporting Ni on CeO2/C and CaO/C hybrids.
Metal nanoparticles on carbon-based supports have been used for the depolymerization of cellulose by hydrogenolysis and by mechanocatalytic conversion [142, 143] . Hydrogenation catalysts such as Pt, Ru, and Pd supported on carbons have been studied using a Design of Experiment approach [142] . It was observed that the metal used had an impact on the product and the nature of the reaction. Pt/C and Pd/C catalysts had a high conversion of cellulose to glucose and xylose. Ru/C, on the other hand, leads to the simple hydrolysis of cellulose to sugars first, followed by their hydrogenation to C4-C6 sugar alcohols. The mechanocatalytic approach combines mechanical ball milling with hydrogenolysis using Ru/C catalysts for the production of sugar alcohols [143] . This approach yields up to 94% hexitol and it thereby provides a new direction for the depolymerizaton of biomass. Cellulose can also be converted to C2-C6 polyols by using Ru/CNT as catalyst in the presence of hydrogen [144] . This conversion follows a two-step process during which acid-functionalized CNTs first hydrolyze cellulose into reducing sugars and Ru further hydrogenates them to sugar alcohols. Compared to Fe, Ni, Co, Pt, Pd, Rh, Ir, Ag, and Au, Ru gave the highest yield of sorbitol from cellulose. CNT was also a more effective support than SiO2, MgO, Al2O3, and CeO2.
Hydrodeoxygenation
Defunctionalization reactions such as dehydration, decarboxylation/decarbonylation, and hydrodeoxygenation (HDO) play a central role in the conversion of overfunctionalized carbohydrates to chemicals. Ideally, the HDO catalyst should favor C-O over C-C bond cleavage and preferentially produce unsaturated compounds to minimize H2 consumption [145] . Noble metals (Pt) and transition metal carbides (Mo2C, WC, W2C) both catalyze HDO reactions [145, 146] . Mo2C exhibits a high selectivity towards C-O/C=O cleavage with negligible C-C bond scission. Therefore, Mo2C received increasing attention over the past few years for the HDO of vegetable oils, C3 oxygenates, lignin-derivatives, and others [145] [146] [147] [148] [149] [150] [151] [152] [153] . Several groups dispersed Mo2C on activated carbon [147] , Ordered Mesoporous Carbon (OMC) [149] , CNTs [148] , and CNFs [150] [151] [152] [153] . Oxygen-containing functional groups on the surface of carbon serve as anchoring points to the Mo precursor. A high dispersion is typically observed on carbons oxidized with nitric acid (Fig. 14) [148]. The carbon support also offers the possibility to form Mo2C by carbothermal reduction using the carbon atoms of the support [148, 152] . This technique simplifies the catalyst synthesis as additional carburization using alkanes is no longer needed. This creates chemical bonds at the carbide-support interface that improve the catalysts stability. Compared to Mo2C/AC and Mo2C/CNT, Mo2C/CNF did not produce any branched hydrocarbons during the HDO of vegetable oils to high-grade diesel fuels, which indicates the structure of the support may play additional roles in the reaction that remain to be elucidated [153] . 
Selective oxidation
Selective oxidation is a key reaction to introduce desired functionalities in biomass-derived compounds [154] . Relevant reactions include the oxidation of 5-HMF to 2,5-furandicarboxylic acid (FDCA), glycerol to glyceric acid, and cellobiose to gluconic acid. Davis et al. recently reviewed current progress in this field [154] . Selective oxidation reactions are catalyzed by noble metals such as Pd, Pt, Au, and their alloys (PdAu, PtAu). Carbon was selected as a support in many works due to its stability in both acidic and basic media [154] [155] [156] .
The role of the nanocarbon's surface on the particle size and shape of Au nanoparticles was studied by Gil et. al. The study determined supports with few structural defects such as graphite and ribbon carbon nanofibers stabilize Au significantly better than fishbone and platelet nanofibers that offer a prismatic surface to the nanoparticles (i.e. edges) [157, 158] . Catalysts with graphitic supports were more selective towards glyceric acid and gave higher turnover frequencies. Similarly, Rodriguez et al. studied Au supported on CNTs with different levels of surface oxygen-containing groups [159] . Au supported on oxidized CNTs was significantly less active and less selective towards glyceric acid. Notably, acidic functional groups favored the formation of glycolic acid, an unwanted over-functionalized side product.
Au/CNT catalysts have also demonstrated potential for the selective oxidation of cellobiose to gluconic acid in aqueous medium [160] . A significant difference in gluconic acid yield was observed when varying the support. Au supported on Vulcan XC-72 and graphite showed a ~50% conversion and ~30% selectivity towards the desired product. In comparison, Au/CNT offered 60% selectivity towards gluconic acid at 90% conversion of cellobiose [160] . Tan et al. demonstrated that acidic oxygen-containing functional groups play an active role in the hydrolysis of cellobiose to glucose, which is an intermediate for this reaction, followed by Au catalyzed oxidation to gluconic acid.
Pd, Pt, Au and their alloys supported on activated carbon, CNF, CNT, and graphite were also studied for the selective oxidation of 5-HMF to 5-hydroxymethyl-2-furancarboxylic acid (HFCA) and FDCA (Fig. 15) [161] . The selectivity to FDCA varies between 6% and 80% depending on the nature and oxygen content of the carbon support. The least functionalized supports (CNT, graphite) were more selective towards HFCA, while the most oxidized product, FDCA, was obtained with Au/activated carbon. 
Summary and Outlook
New challenges emerge in heterogeneous catalysis with the production of chemicals from bio-renewables. Most reactions take place in the condensed phase, typically in water above the normal boiling point. Therefore, it becomes critical to synthesize catalysts structurally and chemically stable under these conditions. Significant progress was achieved by designing novel organicinorganic hybrids as well as carbon-based and carbonsupported catalysts.
Oxides that undergo phase transitions and/or leach under reaction conditions were stabilized by coating the surface with alkyl chains or with a thin carbon film. In a later development, novel nanohybrids were obtained by tethering oxide nanoparticles to the surface of CNTs/CNFs or inside a carbon matrix obtained by co-carbonization. In all cases, the oxides' intrinsic catalytic properties remained unaltered while carbon provided hydrothermal stability to the nanohybrid. At the same time, carbon-based catalysts were synthesized to yield hydrothermally stable catalysts with chemical flexibility. Carbons synthesized from carbohydrates showed, upon sulfonation, a high activity for a broad range of acid-catalyzed reactions. However, carbons from carbohydrates are intrinsically heterogeneous in structure and surface chemistry. The heterogeneous nature makes them unsuitable for more complex reactions that require well-defined active sites at the atomic scale to achieve high selectivity. Alternatively, well-defined nanocarbons such as graphene, CNFs, and CNTs open new routes to design hydrothermally stable catalysts with tailored surface properties. For example, it was possible to tune the selectivity of Au/CNT towards HFCA or FDCA by adjusting the acid-base character and oxygen content of the CNT support.
While significant advances were made in designing carbon-based hydrothermally stable catalysts, work was primarily focused on the mesoscale properties. To rationally design catalysts that target specific reactions, advanced characterization techniques become necessary to provide a new level of chemical, morphological, and structural understanding.
Aberration-corrected TEM and STEM provided information on the catalyst structure at the atomic scale. The carbon support was found to strongly influence the shape of supported Au nanoparticles (Fig. 16) , from nearly spherical on disordered supports to highly faceted on more graphitic carbons [162] . Significant differences in selectivity were observed for the oxidation of glycerol. Spherical Au particles yielded glyceric acid, while faceted Au favored C-C bond cleavage to form glycolic and formic acids. In the case of Au, the surface topology and interfacial energy seem to dictate the shape of the supported particles. Similar effects on particle shape were observed for Pd when varying the acid-base character of the surface by functionalization with oxygen or nitrogen containing groups [163] . In general, the interaction with the N-containing functional groups promotes the catalytic activity of the metal [164] [165] [166] .
Aberration-corrected TEM combined with in situ XRD and in situ XPS also demonstrated that carbon atoms from defective supports can diffuse into Ni and Pd nanoparticles to form non-stoichiometric carbides (NiCx, PdCx) [167, 168] . In the case of PdCx, a high selectivity was observed for the conversion of acetylene to ethylene compared to a Pd/Al2O3 catalyst [166] . Notably, carbide formation occurs in flowing H2 between 120 °C and 300 °C, conditions often employed when synthesizing catalysts. (111) planes parallel to the carbon surface (white), and particles with other orientation (black). Adapted from [162] .
Significant efforts were also dedicated to improving the understanding of nanocarbon's structure and chemistry. Recent progress in solid state NMR delivered models for the structure of graphene oxide and carbons synthesized from carbohydrates [169] [170] [171] [172] [173] [174] . The distribution of nitrogen atoms in CNTs were mapped at the nanoscale using energy-filtered TEM tomography (Fig. 17) [175] . HRTEM also revealed that topological defects and vacancies cluster to yield a patchwork structure made of defect-free graphene areas with sizes of a few nanometers interspersed with defect areas [176, 177] .
Investigating catalysts under reaction conditions constitute the next major challenge to overcome. Time resolved in situ XPS [178] [179] [180] and TEM [181, 182] will provide critical information on dynamic changes in catalyst structure and chemistry depending on chemical potential. This information coupled with theoretical calculations [183] will lead to the next generation of carbocatalysts and carbon-supported catalysts for the selective conversion of biomass to renewable chemicals in the condensed phase. 
